The aim of this study is to develop miscellaneous cationic sorbents based on the lignocellulosic biomass of Lagenaria vulgaris fruit, with the property of efficient sorption of anionic pollutants from aqueous solutions. The lignocellulosic gourd shell (LGS biomass), as a potentially valuable agro-waste, was examined and used for the synthesis of sorbents. The preparation of synthesis precursor (LVAT) was performed by alkaline pretreatment of LGS biomass. Pretreatment under weak alkaline conditions with green carbonate solution was carried out for partial delignification and extraction of depolymerized hemicellulose, thereby achieving higher material porosity and activation of cellulose microfibrils. This activation involves the translation of available -OH functional groups into -ONa form (alkali-cellulose), while maintaining the initial biomass composition. Synthesis of the cationic sorbents was performed in three ways. Different N-reagents, such as tertiary amino and quaternary ammonium compounds, were used in the cation modification of LGS biomass and LVAT precursor, to determine the effects of reagent structure and hydrophobicity on the synthesis outcome, and primarily on the sorption properties of the resulting sorbents. The synthesized cationic sorbents were characterized by physico-chemical methods and tested for the removal of anionic pollutants from water, especially phosphates and nitrates. The various chemical modifications of lignocellulosic biomass provide a scientific contribution to a better understanding of the mechanism of anions sorption on the sorbent surface.
Introduction
Municipal and agro-industrial effluents are known to increasingly contain excessive concentrations of various anionic pollutants, primarily phosphates and nitrates. These anionic species pose a serious environmental threat. They are directly responsible for the occurrence of eutrophication and can lead to serious health problems [1] . Taking into consideration the fact that these anionic species are present in the form of soluble salts in water, conventional processes for water treatment (coagulation, sedimentation) have not proven effective for their removal [2] . Modern physico-chemical methods (reverse osmosis, electro-dialysis) and developed methods of biological denitrification [3, 4] , as well as the application of commercial ion-exchange resins for the removal of nitrates and phosphates from wastewater [5] , are not sustainable from a technological and economic aspects. Therefore, further research focused on sorption processes, using cheap agricultural waste as an environmentally friendly sorption material.
Given the facts and current environmental issues, the development of new cationic sorbents has attracted great attention of the scientific community. Researchers have been focused primarily on the advancement of sorption characteristics and selectivity of natural origin sorbents. Numerous studies have investigated the cationic modification of various biomasses [5] [6] [7] . Modification of the lignocellulosic material, by introducing specific functional groups, is of interest in obtaining sorbents of enhanced characteristics. For example, cationic functional groups from quaternary ammonium salts increase the sorption capacity of the sorbent for anions, especially the ionexchange capacity [6] . The sorbents with cationic active centers are of particular importance for the treatment of wastewater containing large quantities of various anionic pollutants (nitrates, phosphates, sulfates, cyanides, etc.) [6, 7] .
The cationic modification of biomass was performed by quaternization of the lignocellulosic material using amino [8, 9] or ammonium compounds [10] , as well as cationic surfactants [11] . In this regard, various agricultural by-products were examined: wheat straw, sugarcane, rice husk, corn grain, sawdust, etc. [12] [13] [14] [15] [16] . However, there is insufficient data in the available literature on the use of the gourd shell as a sorbent for anionic pollutants. Gourd shell has been examined generally as a sorbent for the removal of heavy metals from water, in its native form [17] , or in the form of some chemically modified (xanthated, sulfonated and methylsulfonated) sorbents [18] [19] [20] [21] . More recent studies have focused on the removal of other pollutants from aqueous solutions, such as dyes [22] , herbicides [23] , and pharmaceutical substances [24] . For that reason, special attention has been paid to the development of new cationic sorbents through chemical modification of the lignocellulosic gourd shell (LGS biomass), a plant material of Lagenaria vulgaris fruit that has not been used for these before.
Due to its nutritional and medicinal features, Lagenaria vulgaris is being grown in many countries around world, which is a good prerequisite for emergence of significant amounts of gourd shell as a potentially valuable agrowaste [25] [26] [27] . The shell of Lagenaria vulgaris fruit is characterized by its lignocellulosic composition, extremely compact and solid structure in technical terms, a porous structure, as well as by low ash content and high volume mass. Tests have shown that biomass based on Lagenaria vulgaris, as well as its modified products, do not swell in water and are easily separated from the aqueous phase after treatment [17] . These are very important properties of precursor for sorbent synthesis, which are not found in most other lignocellulosic biomasses.
The complex three-dimensional cross-linked structure of the lignocellulosic material, where lignin is intertwined with cellulose and hemicellulose molecules (Figure 1 ), allows LGS biomass to have a pronounced hardness and chemical stability [28] . These biomass properties do not favor the process of further modification for the development of cationic sorbents. In this regard, biomass destruction and partial delignification by the pretreatment process, prior to the process of targeted synthesis of an adequate sorbent, are desirable. Bearing in mind that the efficiency of the applied pretreatment process often depends on the starting material nature, physico-chemical characterization of LGS biomass should be performed first. This analysis may indicate the choice of the appropriate biomass modification method (with or without chemical pretreatment), as well as the optimization of the process parameters of sorbent synthesis of typical morphology, through suitable functionalization of the precursor surface. [29] The LGS biomass is characterized by its chemical composition, since it contains -OH groups as the main functional groups on glucopyranose units of cellulose, which are easily susceptible to various chemical reactions. In order to synthesize the cationic sorbents, studies of chemical modification of LGS biomass have focused on the ammonolysis of alkali-treated or etherified cellulose, as well as the grafting of the cationic surfactant on the lignocellulosic skeleton of biomass. The cationically modified products obtained are primarily expected to have a high sorption capacity for various anionic species. In this regard, the optimization of synthesis parameters and assessment of the product sorption capacity for the nitrate and phosphate anions are of particular importance. Feedback on the influence of process parameters on the formation, amount, and type of active sorption centers is important for improving the efficiency and selectivity of the sorption process of anionic species. Nitrate and phosphate sorption tests in a mixture with other anionic species may be of assistance in the application of these cationic sorbents under real conditions of municipal or industrial wastewater treatment.
Experimental

Reagents
All inorganic reagents (HCl, NaOH, KNO 3 and KH 2 PO 4 ) used in experiments for the preparation of working solutions or adjustment of pH and ionic strength were of analytical grade (Merck, Germany). Organic reagents used to modify LGS biomass, such as pyridine (PIR), N,N-dimethylformamide (DMF), epichlorohydrin (ECH, ≥ 99%) and trimethylamine (TMA, 40 wt% aqueous solution), were purchased from Sigma-Aldrich Chemie GmbH. For the synthesis of cationic sorbents, less toxic reagents such as N-(3-chloro-2-hydroxypropyl)-trimethylammonium chloride (CHMAC, 65 wt% aqueous solution, density of 1.154 g cm -3 ) and cetyltrimethylammonium chloride (CTAC, 25 wt% solution, density of 0.968 g cm -3 ) were used. Both quaternary reagents (Sigma-Aldrich Chemie GmbH) were selected as better and safer options.
Stock and model solutions
All solutions were prepared with deionized water (18 MΩ) , which was also used to rinse the obtained products. A stock phosphate solution (1000 µg P cm -3 ) was obtained by dissolving 4.3934 g of pure KH 2 PO 4 (dried in an oven at 105 °C for 24 h) in 1 dm 3 of deionized water. Standard working phosphate solutions (10 mg P dm -3 ) for sorption experiments were prepared immediately before use, by appropriate dilution of the stock solution. The stock nitrate solution (100 µg N cm -3 ) was obtained by dissolving 0.7218 g of pure KNO 3 (dried in an oven at 105 °C for 24 h) in 1 dm 3 of deionized water and then stabilized with 2 cm 3 of chloroform. Standard solutions for the calibration chart (<10 mg N dm -3 ), as well as the working solution for sorption experiments (10 mg N dm -3 ), were prepared by diluting the stock solution to the de-sired concentration. All standard solutions were stored in the refrigerator (at +4 °C) until use.
Material
As the raw material for the preparation of cationic sorbent, the naturally dried gourd shell (L. vulgaris) was used. The harvested fruits was mechanically cleansed from the pulp and naturally dried for 12 months. The dried shell was ground into pieces of 1 to 2 cm in size, which are rinsed repeatedly with deionized water to remove dust and rough surface impurities. After drying in an oven (24 h at 60 °C), the material was ground with a laboratory blender and then passed through standard steel sieves to obtain a fraction of uniform particle size in the range of 400-800 µm. The prepared LGS material was stored in sealed polyethylene containers (protected from moisture) until use.
Alkaline pretreatment of biomass Alkaline pretreatment of gourd shell was applied for partial destruction of lignocellulosic biomass. The crushed and dried LGS biomass (5 g) was treated with 100 cm 3 of weak alkaline solution (mixture of 1% Na 2 CO 3 and 1% NaCl) for 2 h at 23 ± 0,2 °C and atmospheric pressure, with constant stirring on a magnetic stirrer (150 rpm). After filtration, multiple rinsing with deionized water and drying (60 °C), the obtained alkaline treated L. vulgaris biomass (LVAT) was characterized by physico-chemical methods and spectroscopic FTIR analysis, and then used as a precursor for the synthesis of cationic sorbent.
The first sorbent synthesis process In the first synthesis process of cationic sorbent, tertiary TMA was used as the reagent. The prepared LGS biomass, or LVAT precursor (10 g), were suspended in DMF (60 cm 3 ) at 23 ± 0.2 °C. After adjusting the pH to 10.0 using a NaOH solution (5 M), the mixture was transferred to a glass reactor (250 cm 3 ) and stirred for 30 min at 80 ± 0.2 °C. The ECH reagent (50 cm 3 ) was then added dropwise to the reaction vessel, which led to the synthesis of hydroxycellulose ether at 80 ± 0.2 °C for 2 h. Conversion of hydroxycellulose to epoxycellulose ether was achieved in the presence of PIR (20 cm 3 ) as a catalyst, at 80 ± 0.2 °C over the next 30 min. The highly reactive epoxidated intermediate was quaternized by the gradual introduction of TMA (50 cm 3 ) into the reaction vessel. Synthesis of cationic sorbent was carried out at a temperature of 80 ± 0.2 °C for 4 h. The resulting product was filtered and washed first with 50% aqueous ethanol at 40 °C, followed by NaOH (0.1 M) and HCl (0.1 M) solutions to remove excess chemicals and undesirable by-products. The final product was washed with deionized water at 40 °C and dried in a vacuum at 40 °C for 2 h. The synthesized cationic sorbents (LGS-TMA and LVAT-TMA) were used in further experiments.
The second sorbent synthesis process Another process for the synthesis of cationic sorbent involved the use of quaternary ammonium compound (CHMAC) as a reagent. In this regard, 3 g of precursor (LVAT) was first treated with alkali (20 mmol NaOH / g biomass) at a temperature of 23 ± 0.2 °C, to activate the primary and secondary -OH groups of the glucopyranose unit and to convert the cellulose into more reactive alkali-cellulose with characteristic -ONa groups. After 60 min, the original 65 wt% aqueous CHMAC solution (20 mmol / g biomass) was added dropwise to the reaction mixture, gradually increasing the temperature to about 80 °C. The reaction mixture was further treated at 85 ± 0.2 °C for 10 h, with constant stirring (200 rpm). The resulting cationic product (LVAT-CHMAC), after filtration and washing with deionized water, was dried for 12 h at 60 °C (to a moisture content < 3%) and then subjected to characterization and further sorbent experiments.
The third sorbent synthesis process In the third synthesis process, the cationic surfactant cetyltrimethylammonium chloride (CTAC) was used as a quaternary ammonium reagent. The LVAT precursor (1 g) was suspended in 500 cm 3 of CTAC aqueous solution of a specified concentration. According to the critical micellar concentration (CMC) of this surfactant (1.28 mmol dm -3 ), two different concentrations of solution were used: below CMC (0.9 x CMC) and in excess (2 x CMC), i.e. 1.15 and 2.56 mmol dm -3 respectively. The suspension was then stirred on a magnetic stirrer (150 rpm) for 8 h at 23 ± 0.2 °C. The solid phase was filtered and washed repeatedly with deionized water, until a neutral reaction with Cl-ions (detected with 0.1 M AgNO 3 solution). The sample was dried at 80 °C for 4 h. Prepared sorbents LVAT-CTAC1 (lower concentrations, 0.58 mmol g -1 biomass) and LVAT-CTAC2 (higher concentrations, 1.28 mmol g -1 biomass) were used to test the anion sorption efficiency.
Sorption processes
The sorption processes were performed on model phosphate and nitrate solutions, in a batch mode, to determine the sorption efficiency of the synthesized cationic products. The working solution (50 cm 3 ) of the test anion species (phosphate or nitrate) of desired concentration (10 mg dm -3 ) was stirred (150 rpm) without the effect of turbulence (vortex effect). The temperature of the solution was maintained constant (25 ± 0.2 °C) using a water bath with automatic temperature control. The initial pH of the solution was adjusted to the value of 6.8 ± 0.1 with HCl (0.1 M) or NaOH (0.1 M). After checking the zero sample for initial solution concentration, a certain amount of test sorbent (optimally 2.0 g dm -3 ) was added to the working solution. Aliquot of the solution (30 cm 3 ) was taken after 60 min and filtered through a regenerated cellulose membrane filter (0.45 µm). The filtrate was properly labeled, preserved as necessary by nitric acid (for phosphates) or chloroform (for nitrates), and stored in the refrigerator (at +4 °C) until quantitative analysis by 8(2) (2019) 46-57 the appropriate method.
The concentration of phosphate in solution (expressed as P-PO 4 ) was determined using the ICP-OES method on an ARCOS FHE12 device (Spectro, Germany) [30] . The nitrate concentration in solution (expressed as N-NO 3 ) was determined using the standard 4500-NO 3 method -procedure B [31] , on a UV-VIS spectrophotometer (Cary-100 Conc., Varian) [32] .
The content of anions sorbed by the synthesized sorbent (i.e. sorption capacity of sorbent) over a given time interval (t) of the sorption process (as well as in equilibrium) was calculated based on the difference of the initial and final (equilibrium) concentration of the anions in solution, using the expression:
where: Qt (mg g -1 ) is amount of sorbed P or N per gram of sorbent at time t; C0 and Ct (mg dm -3 ) are concentrations of P or N in initial solution and solution after time t, respectively; V (dm 3 ) is the solution volume, and m (g) is mass of dry sorbent.
Characterization methods
Characterization of the starting lignocellulosic biomass and synthesized sorbents was performed by typical physico-chemical methods, according to standard AOAC (Association of Official Analytical Chemists) procedures [33] . Physico-chemical analysis included the determination of immediate (moisture, volatile matter and ash), structural (cellulose, hemicellulose, lignin and proteins) and physical properties (density and bulk weight), in accordance with AOAC procedures.
Elemental analysis
Elemental (CHNS/O) analysis of tested samples was performed using an Elemental Analyzer (Vario EL III CHNS/O Systems, GmbH). The procedure was carried out in accordance with the manufacturer's instructions. An accurately measured amount of completely dry sample (± 0.01 mg) was burned at high temperature (1200 °C) in an oxygen stream, whereby carbon was converted to CO 2 , hydrogen to water vapor, sulfur to SO 2 , and organic nitrogen was reduced to gaseous N 2 . Elemental analysis directly determined the percentage content of the chemical elements (carbon, hydrogen, nitrogen and sulfur) in the sample structure, while the oxygen content was obtained by subtracting the sum of these values from 100%.
Spectroscopic analysis
FTIR spectra of LGS biomass and alkaline modified LVAT precursor were obtained using a FTIR spectroscope (BOMEM MB-100; Hartmann & Braun, Canada). FTIR spectra were recorded in the range of 4000-400 cm -1 at 2 cm -1 resolution, and with 16 scans to eliminate noise. Samples for analysis were prepared by the KBr technique. The obtained FTIR spectra were analyzed using original Win-Bomem Easy software (Hartmann & Braun, Canada).
Results and discussion
Biomass pretreatment and precursor production The application of an appropriate pretreatment of LGS biomass for partial destruction of lignin, with the requirement to preserve structural and unstable polysaccharides (cellulose and hemicellulose) essential for the subsequent sorbent synthesis process, was one of the main research challenges. Considering the literature data [34] and the goal of pretreatment, as well as the established chemical composition of LGS biomass, alkaline pretreatment was chosen as the most suitable from the numerous methods used in practice. Since strong alkaline reagents can lead to significant loss of important polysaccharides, green liquids are recommended as weak reagents, leading to mild degradation of ligno-cellulosic biomass, with increased delignification selectivity [35] . In order to preserve the important structural constituents of LGS biomass, and primarily because of its ecological significance, a 1% Na 2 CO 3 solution was chosen as the optimal reagent for the pretreatment process. The purpose of this study was to determine the effect of the green pretreatment process (using Na 2 CO 3 ) on the chemical composition and structural changes of lignocellulosic LGS biomass, under normal reaction conditions (room temperature and atmospheric pressure). The comparative results of the physico-chemical analysis of the raw LGS and alkaline treated L. vulgaris shell (LVAT) are shown in Table 1 . All values are expressed as a percentage (based on dry mass) and represent the mean of three repeated measurements. Table 1 . Physico-chemical properties of raw and alkaline treated L. vulgaris shell (1% Na 2 CO 3 and 1% NaCl, for 2 hours, at 150 rpm)
The most abundant component in raw LGS biomass is lignin (≈ 42%). The high content of holocellulose in the raw material (≈ 58%) indicates a considerable representation of OH groups, as active centers for epoxidation reactions during sorbent synthesis. The protein content is extremely low (<0.1%), whereas volatiles were detected since the shell of L. vulgaris had already been naturally dried, which was one of the advantages of using this plant material [35] . Also, this plant material is characterized by low ash content (0.28%), mainly consisting of bio-accumulated metals during plant growth, such as Zn (11.5 ppm), Cu (5.5 ppm), Mn (1.1 ppm) and others [17] . The biomass is characterized by a moisture content of 3.8%, a density of 0.46 g cm -3 and a bulk weight of 103 kg m -3 . These data are consistent with the characteristics of other plant materials of the genus Lagenaria [36] . Comparative analysis of the chemical composition of the various agricultural by-products indicated that LGS biomass is very similar in nature to almond, walnut and peanut shells, taking into account the content of lignin and holocellulose [35] . However, it should be borne in mind that the same plant material, but of different origin (habitat), can have a very different composition, which would certainly affect its modification, different yield and efficiency of the cationic product [37] .
As shown by the physico-chemical analysis of the samples before and after pretreatment under normal conditions (Table 1) , the procedure efficiency was confirmed by the loss of sample mass, color changes of the solution and change of filtrate pH value. A change in the mass of raw LGS during alkaline pretreatment from 5.0 g to 4.24 g (15.2%) indicated a change in chemical composition. Thus, a significant decrease in hemicellulose content (of 71.4%) and partly lignin (of 5.2%) was registered in the treated LVAT product, which directly affected the enrichment of biomass with cellulose. After rinsing the alkaline treated sample with deionized water, an increase in cellulose content was observed from an initial 39.6% to a final 47.12%.
These results are in agreement with the literature, where only auto-hydrolysis of rice straw biomass (without alkali) at 120 °C achieved a total removal of 7.1% of lignin, while pretreatment with a mild alkaline solution (4% Na 2 CO 3 ) at 120 °C removed 11.9% of total lignin [38] . In addition, it is characteristic that during alkaline pretreatment of raw LGS biomass there was an intense coloration of the solution (from colorless to brown-red). During multiple rinsing of treated LVAT biomass with deionized water, the filtrate color changed from dark yellow to a colorless. The characteristic brown-red color of the reaction solution during alkaline pretreatment of biomass was likely due to the released pigments and the resulting degradation products from the plant cell wall (organic resin compounds, pectins, oxidized phenols and some organic acids) [39] . Due to the depolymerization of pectin (polygalacturonic acid polymer) and hemicellulose, constituents such as cinnamic, glucuronic and galacturonic acids were released. On this occasion, Ca(II) ions, which maintained a stable pectin structure, were also removed [39] .
An important index to assess the pretreatment efficacy was also the change in the pH of the solution ( Table  1 ). The high pH of the stock solution (about 10.1) during biomass pretreatment leads to the breaking of ester bonds between lignin, hemicellulose and cellulose, as well as secondary reactions of polysaccharides (mainly released hemicellulose, which is considerably sensitive to hydrolysis). Also, substituted uronic and acetyl groups on hemicellulose can be hydrolyzed to form uronic acid and acetic acid, resulting in the formation of more acidic substances [40] . Thus, these organic acids decreased the pH from 10.1 to 8.6 during alkaline pretreatment (Table 1). To remove undesirable agents (non-renewable alkali salts) and released oligosaccharide or monomer constituents, the biomass was filtered and subsequently rinsed with deionized water to discolorate a dark yellow filtrate, whereby pH of 6.8 was detected.
The results of physicochemical tests have confirmed that alkaline pretreatment leads to the partial release of individual constituents from the lignocellulose matrix and the removal of their hydrolyzed fragments from the system. However, after the applied pretreatment process, it was found that about 78% of total polysaccharides was retained in the treated LVAT biomass, which is important for further application of the obtained precursor. Spectroscopic analysis of biomass and precursor Given the high degree of mutual correlation of characteristic functional groups and vibrations of chemical bonds, the identified changes in the absorption IR bands of lignocellulosic biomass during pretreatment were closely related to the nature of the analyzed materials and conditions applied [41] . Comparative FTIR spectra of raw LGS biomass and alkaline treated LVAT precursor are shown in Figure 2 .
The FTIR spectra of analyzed samples (Figure 2 ) in the 3800-2700 cm -1 region are typical for ligno-cellulosic biomass. The wide band in the 3600-3000 cm -1 region is characteristic for the valent vibrations of O-H groups of different types, as well as the expected electrostatic interactions (intra-and inter-hydrogen bonds) between constituents within the cell wall structure. The bands at 2925 cm -1 and 2858 cm -1 are characteristic for C-H stretching vibrations of aliphatic -CH 2 and -CH groups of glucopyranose monomers, which are predominantly in correlation with the presence of holocellulose in the sample. The characteristic band of C-H stretching vibration at 2874 cm -1 in the IR spectrum of raw LGS biomass (Figure 2A ) is in correlation with the lignin constituent. Therefore, this IR band can be used preliminary to analyze the behavior of lignin during alkaline pretreatment. The decrease in the intensity of this IR band in the LVAT spectrum ( Figure 2B ), which is not clearly apparent due to overlapping, indicates possible degradation and partial loss of lignin from the sample during alkaline treatment.
The band at 1738 cm -1 was derived from saturated ester C=O and was correlated with the presence of hemicellulose in the sample. The band intensity reduction in the spectrum of LVAT sample indicated that hydrolysis of glycosidic C-O-C bonds, depolymerization of released hemicellulose and its partial removal from biomass resulted in hydrolysis during alkaline pretreatment. In the spectral region 1700-1560 cm -1 there was a complex IR band (Figure 2A) , with centroids at about 1640 cm -1 and 1600 cm -1 . This broad band indicated the overlap of O-H vibrations of the water molecule (cellulose crystallohydrate), as well as the presence of phenolic and carboxyl groups with skeletal vibrations of lignin rings. The appearance of the band in this region is different after alkaline pretreatment of the biomass ( Figure 2B ). The more pronounced centroid was shifted to 1650 cm -1 , while the intensity of the band at about 1600 cm -1 was considerably reduced, which is characteristic of lignin-conjugated rings. The band at 1510 cm -1 was derived from skeletal vibration of the lignin aromatic ring and it was of approximately the same intensity in both analyzed biomass samples. However, LVAT precursor was characterized by the appearance of doublet at about 1557 cm -1 , indicating different types of aromatic C=C skeletal vibrations of lignin fragments. This was supported by the possibility of the presence of lignin fragments of a different nature in the analyzed samples [42] .
Namely, lignin subunits that are incorporated into the polymer can be identified by the characteristic structure of the aromatic rings, from which the most important are guaiacyl, syringyl and p-hydroxyphenyl. Molecules consist of methoxyl, acetyl and formyl groups. This difference in composition has a major impact on delignification, as well as on biomass destruction. Typically, guaiacyl units are more often networked at the C-5 position of the aromatic ring, so these cross-linked C-C bonds (formed during lignification) make it difficult to delignify biomass since they cannot be hydrolyzed either by acid or base [28] . Contrary to that, the C-5 position in syringyl units is substituted, and therefore cannot participate in the reactions of further substitution. Thus, the intense band at about 1650 cm -1 in the IR spectrum of LVAT precursoe ( Figure 2B ) corresponds to C=C valent vibrations in the monomeric side chain within the lignin polymer, while the low intensity band at 1327 cm -1 corresponds to the vibration of the condensed syringyl G-ring, i.e. coniferyl alcohol substituted at C-5 position. Spectral analysis confirms an C=C side chains group increase (the band moving to 1650 cm -1 with intensity increasing), while reducing the amount of condensed structures (decreasing the intensity of the band to about 1600 cm -1 and doubling the band to about 1327 cm -1 ), which are characteristic of polymers formed by mixing coniferyl alcohol with ferulic acid (hydroxycinnamic acid).
The IR band doubling (from 1327 cm -1 to 1336 and 1320 cm -1 ), that is less pronounced in the untreated LGS biomass, indicates lignin polymer of pure coniferyl alcohol presence in the LVAT precursor. A slight intensity increase of the band at 1260 cm -1 in the IR spectrum can be explained by an increase in the number of C-O bonds due to the presence of ferulic acid in the lignin polymer. Different active bands relations in the spectrum of LVAT precursor, to about 1423 cm -1 , 1260 cm -1 , 1050 cm -1 and the transit at 956 cm -1 , compared to the complex band at about 1630 cm -1 in the spectrum of LGS biomass, indicate that lignin polymers differ by ferulic acid content and have clear structural differences. This fact also confirms the effect of alkaline pretreatment on the structural changes of the lignin biomass constituent.
In the IR spectrum of LVAT precursor ( Figure 2B ) the doubling of the band at 1460 cm -1 was detected, which originates from C-H deformation vibrations (in the plane) of all the present biomass constituents. This fact points to the effect of alkaline pretreatment in terms of inter and intra-molecular matrix hydrogen bonds break, and thus, a better separation of biomass constituents and their clearer insight into the spectrum. IR bands at 1375 cm -1 (C-H vibrations) and 1327 cm -1 (C-O vibrations) may be correlated with the xyloglucan presence in the cell wall (the major hemicellulose polysaccharide, an enzyme that catalyzes β-1,4-bonds). However, it should be noted that these bands, together with a deformation vibration band of OH group (in plane) at 1423 cm -1 and a wide band of the vibration of the cellulose ester group at 1260 cm -1 , are correlated with the crystalline cellulose structure [43] . Thus, the apparently small changes in band intensity indicate a 8(2) (2019) [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] proportional change in the fraction of the crystalline to amorphous form of certain cellulose areas in the treated sample, which favors more efficient sorbent synthesis based on this precursor.
The broad band in the 1100-900 cm -1 range, which is characteristic of most polysaccharides, shows a significant overlap of C-OH and C-C-O vibrations in the spectrum of LGS biomass (with a inflection at 990 cm -1 ). Its finer structure observed in the LVAT spectrum, where the maximum of the intensive band is moved from 1040 cm-1 to 1050 cm -1 . The band at 830 cm -1 in the IR spectrum of LGS biomass (Figure 2A) is characteristic of anomeric α-glucosidic bonds of hemicellulose that occurs only in the cell wall of LGS biomass. In the spectrum of LVAT precursor, the intensity of this band is greatly reduced due to hemicellulose destruction, resulting in the appearance of the band at 815 cm -1 , that derives from deformation C=C vibrations of lignin fragments. The deformation C-H vibrations characteristic of the anomeric β-glycosidic (C-O-CH) bonds of cellulose at 896 cm -1 and 990 cm -1 remain unchanged during pretreatment which suggest the structural stability of the cellulose chain to adequately applied reaction conditions.
Based on the IR spectral analysis of the tested samples, it can be concluded that alkaline pretreatment of lignocellulosic gourd biomass (using a carbonate solution) results in: a) destruction of the lignin matrix structure (hydrolysis of ester bonds of molecules such as ferulic and acetic acid); b) disturbance of the interaction between lignocellulosic components (breaking of interand intra-hydrogen bonds); c) release of hemicellulose molecules due to hydrolysis of ester bonds between hemicelluloses xylan and cellulose; d) degradation and dissolution of more susceptible hemicelluloses, due to the low degree of polymerization, branched structure and amorphous nature (removal of hemicelluloses xylan is significantly higher than glucan crystalline cellulose); e) subsequent dissolution and removal of ash and mineral matter, as well as the resulting by-products (phenolic and acid type) that would have a negative effect on the subsequent modification of biomass to the target sorbent. These conclusions are in accordance with the other authors discussion about the alkaline pretreatment conducted on lignocellulosic biomasses of similar constitution [28, 42, 44, 45] .
Characterization of synthesized cationic sorbents Synthesis of cationic sorbents based on lignocellulosic gourd shell (synthesis precursor) was performed in three ways, according to the literature procedures provided for modification of lignocellulosic biomass [13, 16] . A different N-reagent (TMA as a tertiary amino compound and CHMAC and CTAC as quaternary ammonium compounds) was used in the cation modification of the starting LGS biomass, as well as LVAT precursor, to determine the effects of reagent structure and hydrophobicity on the synthesis outcome, and primarily on the sorption properties of the resulting sorbent.
Characterization of sorbents obtained by various synthesis methods was conducted to confirm the introduction of quaternary cationic groups into the structure of LGS biomass, or LVAT precursor. The elemental (CHNS/O) analysis and reaction efficiency (RE) of the synthesized sorbents based on lignocellulosic gourd shell, compared to some cationized agricultural by-products tested for the removal of anionic pollutants [9] , as well as commercial ion-exchange resin, are shown in Table 2 . Other characteristic parameters, such as: degree of substitution (DS), amount of added cationic groups (Nadd), and product yield were determined as a function of nitrogen content (N). Elemental analysis (CHNS/O) was applied to evaluate the added functional groups in the synthesized sorbents during the biomass modification process. The presence of sulfur was not identified in the samples tested. Based on the results of elemental analysis (Table 9 ), it was found that the CHO content in LGS biomass (H/C ratio 0.13) is very similar to the results of other studies (C 42-59%, H 3-7% and O 32-50%) [9, 17] . The content of these elements in LGS biomass did not change significantly after the alkaline pretreatment process. Significant changes in nitrogen content were observed in all samples of the synthesized sorbents, which confirms the efficiency of LVAT precursor cationisation.
Sorbents based on the N-reagents. The synthesis of sorbents by TMA reagent shows that pretreatment has a significant contribution to the introduction of cationic N-groups into the biomass structure. Thus, after ECH-TMA modification of raw LGS biomass, an increase of N content of 1.74% in the final product was observed. It was calculated that 17.36 mg N g -1 in the form of the -N + R 3 cation group was bound on the biomass surface, indicating the theoretical ion-exchange capacity of 1.24 mEq g -1 for LVAT-TMA sorbent. Similar observations were noticed in the case of LVAT-CHMAC sorbent synthesis, but the quaternary ammonium CHMAC reagent contributes to a higher ion exchange 8(2) (2019) 46-57 capacity of the sorbent (1.39 mEq g -1 ). This result suggests that treatment with CHMAC reagent is significantly more effective compared to TMA for the synthesis of cationic sorbents [46] . However, given the results of reaction efficiency (RE 4.39 -6.95%) and degree of substitution (DS 0.20 -0.31), it can be said that the reaction between LGS biomass and amino/ammonium reagent was not particularly effective. This can be very important in semi-industrial (scale-up) process, because it is one of the factors that determine the product cost [9] . Given that the synthesis of sorbents was carried out with amino/ammonium reagents in excess (25.5/20.0 mmol g -1 versus 3.4 mmol g -1 glucopyranose precursor units), it can be assumed that the number of reagents used is not a limiting factor in the synthesis outcome. The excess reagent represents the theoretically required ratio for the maximum binding of 3 reagent molecules to one primary and two secondary -OH groups of glucopyranose units and the same number of reagent molecules to the phenolic -OH groups of lignin monomers. On the other hand, the calculated DS values give the impression that substitution occurs on every fifth unit of glucopyranose in the cellulose chain in the case of TMA reagents, or every third unit in the case of CHMAC reagents. If one assumes that the reaction efficiency is a property of biomass and not of the amount of reagent, the problem can be overcome by simply reducing the initial concentration of the cationic reagent [46] .
These assumptions can be explained by the fact that the availability of reactive sites of lignocellulosic biomass is most likely the limiting factor of the reaction efficiency. In this regard, reaction barriers can be represented by the biomass density (as a function of material composition) and the amount of lignin in the material. Bulk density can be the result of lignification degree in this case, since the bulk density of the biomass shows an inverse linear correspondence with the amount of added cationic groups [9] . Therefore, it is believed that there may be diffusion limitations on the reaction between the cationic reagent and the reactive cellulose as a result of the bulk density (0.46 g cm -3 in the case of LGS biomass). Similarly, small values of reaction efficiencies were found for other quaternized agricultural by-products tested for phosphate removal ( Table 2) , which varied from 1.70% for the walnut shell of higher density (0.64 g cm -3 ) to 7,26% for the rice husk of low-density (0.27 g cm -3 ). For the same reason, highly lignified LGS biomass (41.90%) does not react so well with TMA reagent (or CHMAC) because of its limited access to cellulose, which is the primary component of the cell wall. Also, many authors have confirmed that delignification of ligno-cellulosic materials can increase the efficiency of the quaternization reaction [8, 34, 47] .
The noticeable variation in CHO content and yield values lower than 100% in all observed cases may be due to the binding of epoxy groups and N-reagents to the surface of the biomass on the one hand, as well as the destruction of the biomass (i.e. hemicellulose extraction) on the other, as confirmed by spectroscopic FTIR analysis. Specifically, the lower product yield is based on a more significant weight loss of the product due to alkaline treatment (NaOH, pH>10) compared to the mass contribution from the inclusion of additional cationic -N + R 3 groups. A similar trend of lower yield has been observed in other hemicellulose-rich biomasses [9] .
In general, the results of elemental analysis suggest that a significant amount of cationic tertiary or quaternary reagents are involved in the structure of cellulose chains during synthesis, leading to an increase in the nitrogen content of the synthesized sorbents. On the other hand, these results validate the superiority of LGS biomass, or LVAT precursors, for cationic modification compared to numerous agricultural by-products, as well as commercial anion exchanger resins (e.g. QA52 -quaternary ammonium cellulose) tested for anionic species removal (primarily phosphate and nitrate) from aqueous solutions [48] .
Surfactant-based sorbents
Unlike the sorbents analyzed previously, elemental analysis of LVAT-CTAC1 and LVAT-CTAC2 samples ( Table 2) , obtained by modification of LVAT precursor by a cationic CTAC surfactant of different concentrations, indicated a lower N content in the products (0.79% and 1.43%, respectively). The increase in N content was proportional to the concentrations of the solutions used. Thus, nearly twice the N content was registered with LVAT-CTAC2 sample as a result of the use of CTAC reagents solution of higher concentration (> CMC surfactants). This fact points to a possible mechanism of bilayer surfactant aggregation at the biomass surface [49] . Based on the number of cationic groups added to the biomass after modification, the theoretical ion-exchange capacity of 1.01 mmol N g -1 for LVAT-CTAC2 sorbent was calculated. The high values of reaction efficiency (RE 78.91-97.39%) and product yield (97.4-97.9%) indicate maximum utilization of the reagent amount. However, the small degree of substitution and the predicted two-layer mechanism suggest that the obtained data may not be relevant for evaluating the sorption efficiency of anionic species from solution [50] . This can be explained by the fact that at least half of the total amount of bound surfactants are engaged in the interaction with active biomass centers, while the rest are available for the sorption process of anionic contaminants (Figure 3) . Thus, LVAT-CTAC2 should be expected to have half the theoretically calculated capacity. Efficiency of cationic sorbents The efficiency of synthesized cationic sorbents was evaluated using the sorption capacity for the anion species tested (phosphates and nitrates). In this regard, a series of experiments were performed to remove phosphate and nitrate from a solution of the same initial concentrations (10 mg dm -3 ) with a sorbent dose of 2 g dm -3 in the batch system. These initial anion concentrations were selected according to the effluent quality standards in eutrophication sensitive regions (Council Directive 91/271/EEC). Reaction conditions of the sorption process which proved to be optimal for these purposes according to the literature data (stirring rate 150 rpm, contact time 60 min, temperature 25 °C, pH 6.8) were selected for comparison [13, 51] . Comparative results of testing the efficacy of synthesized cationic sorbents, relative to the starting LGS biomass and LVAT precursor, are presented in Table 3 . Table 3 . Sorption efficiency of phosphate and nitrate using different cationic sorbents based on modified gourd shell (equilibrium sorption capacity Qe represents the mean of three consecutive determinations)
The results of testing the efficiency of cationic sorbents synthesized by different methods, during the process of anions sorption from aqueous solutions of the same initial concentration, under the same reaction conditions, confirmed the success of chemical modification of the starting biomass. Comparing the obtained results, it was found that raw LGS biomass did not show sorption properties for the studied anions (<1%). Also, alkaline pretreatment of biomass had no effect on the removal of the tested anion species from the solution by LVAT precursor. However, it is evident that the preparation of LVAT precursor had a significant contribution to increasing the equilibrium sorption capacity of sorbents. Thus, the increased efficiency of phosphate sorption by 13.4% and nitrate by 13.2% was observed in LVAT-TMA sorbent application in comparison with LGS-TMA sorbent application. The highest efficiency of anion removal from solution (about 88% of phosphate and 79% of nitrate) was demonstrated by LVAT-CHMAC sorbent. Better reaction efficiency and higher degree of substitution of quaternary CHMAC reagent ( Table 2 ) probably contributed to the creation of a larger number of active sites (-N + R 3 ) on LVAT precursor in relation to the multistage synthesis with the tertiary TMA reagent. A structural model of LVAT-CHMAC sorbent after the sorption of the dominant phosphate (H 2 PO 4 -and HPO 4 2-) and nitrate (NO 3 -) anions from the solution is proposed in Figure 4 . The sorbents obtained by modifying the biomass with CTAC surfactant showed a significantly lower degree of anion sorption (about 40% for phosphate and 22% for nitrate) compared to the other tested sorbents ( Table 3) . As expected, almost identical equilibrium sorption capacity was registered in both observed cases, independent of the surfactant concentration applied (CTAC1 below CMC and CTAC2 above CMC). This may be understandable when considering the model of bilayer complex surfactant aggregates on the biomass surface ( Figure 5 ). The formation of bilayer complex aggregates increases the number of cationic added groups, but not the number of active centers available to interact with the anions present in solution [53] . The lower efficiency of anion sorption by LVAT-CTAC sorbents can be explained by the lower amount of bound surfactant molecules and their mechanism of attachment to the biomass surface, as well as by the influence of the CTAC steric factor relative to CHMAC or TMA reagent [54] . The rheological properties of the solution also contribute to the lower sorption efficiency, since the increase 8(2) (2019) [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] in the surfactant concentration leads to an increase in the viscosity of the solution, which directly affects the impeded diffusion of the anion through the solution during sorption and, consequently, the lower degree of anion removal [55] . A similar model of lignocellulosic biomass modified by cationic surfactants, as well as the mechanism of anions removal (phosphate, nitrate, sulfate, chromate) or anionic dyes from contaminated aqueous solutions, have been pointed out by other authors [13, 53] . 
Conclusion
This study confirmed that different cationic sorbents can be prepared from a cheap and readily available plant material, L. vulgaris fruit, capable of removing a wider range of anionic pollutants from water. The original cationic sorbents based on the lignocellulosic gourd shell with the property of efficient sorption of anions from aqueous solutions, especially phosphate and nitrate, were developed by various biomass treatment methods and the use of three synthesis procedures in order to solve the problem of eutrophication. On the basis of raw LGS biomass and LVAT precursor, obtained by alkaline pretreatment of the lignocellulosic biomass with a green carbonate solution (mixture of 1% Na 2 CO 3 and 1% NaCl), three types of the cationic sorbents (LGS-TMA, LVAT-TMA and LVAT-CHMAC) with ion-exchange property were developed and characterized. In the second case, two types of sorbents (LVAT-CTAC1 and LVAT-CTAC2), obtained by grafting a cationic surfactant onto a lignocellulosic skeleton of biomass under optimal conditions, can be used to remove anionic pollutants from non-polar or mixed effluents, given the more pronounced degree of surface hydrophobicity. The efficiency of the synthesized cationic sorbents compared to the unmodified LGS biomass was evaluated using the sorption capacity for the tested anionic species (phosphates and nitrates) in the batch system, under the same conditions and initial concentrations. The raw LGS biomass as well as the LVAT precursor did not show sorption properties for the studied anions (<1%). The LVAT-CHMAC sorbent showed more efficient removal of anions from the solution (88% phosphate and 79% nitrate) compared to the LVAT-CTAC sorbent (46% phosphate and 22% nitrate).
